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INTRODUCTION
Brown trout (Salmo truttafario) is a very promising salmonid species, which can withstand the climatic conditions such as high temperature and high salinity prevailing on the southern European coast [28] . French legislation imposes an environmental impact study, to build new fish farms, including an estimation of nutrient loadings [12] . Phosphorus is the second driving element in the eutrophication process in the marine environment after nitrogen [34] . It is also an essential dietary element in fish [33, 47, 301 . Salmonid diets usually contain large amounts of fish meal, which generally provide sufficient available phosphorus. Recently, phosphorus content in Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus m)tkiss) diets was reduced in order to limit phosphorus discharge. Unfortunately few data are available regarding the nutritional requirements, excretion and metabolism of brown trout [30, 1 I, 121 . It is not known if phosphorus metabolism in brown trout is similar to other members of the salmonid family, particularly rainbow trout. Phosphorus requirements are relatively well known in rainbow trout [38, 27, 431 . Phosphorus loadings have been studied in rainbow trout farms in both fresh water [26, 48, 191 and sea water [I, 221. Only limited information is available for brown trout raised in fresh water [9] and data are totally lacking for brown trout raised in sea water. The objectives of the present study were (1) to compare phosphorus losses and utilisation in both species, held in fresh water, and (2) to determine the influence of sea water on phosphorus utilization of brown trout.
Growth and nitrogen balance have been described in a previous paper [ 141. 2. MATERIALS AND METHODS
Experimental design and rearing conditions
The experiment was organized in four consecutive phases as described previously [ 141. Parameters concerning phosphorus were recorded during the same experimental protocol, in exactly the same conditions. Phase 1 was dedicated to the comparison of phosphorus excretion and phosphorus accretion in brown trout and rainbow trout reared in fresh water. During the second phase, the same comparison was made on brown trout during their adaptation to sea water. Seawateradapted brown trout were then compared to the rainbow trout and brown trout maintained in fresh water (phase 3). This latter phase was pursued to determine hourly excretion rate and bioavailability of phosphorus in the same water quality conditions (phase 4).
Rainbow trout (RT) and brown trout (BT) were obtained from the IFREMER-INRA Experimental Station in Sizun (Brittany, France). Fish were sorted and dispatched into twelve indoor 500 L tanks (1 x 1 x 0.5 m), supplied with fresh water (FW). Eight tanks were filled with brown trout (BT.FW, average weight 90 g) and 4 tanks with rainbow trout (RT.FW, average weight 80 g). Fish were hand fed a fixed ration twice daily at IO:00 and 16:OO h using floating expanded pellets (the rationing and the composition of which are described in [ 141) containing 0.93 % total phosphorus, IO % of which derived from calcium hydrogen phosphate and the remaining from the ingredients. During the whole experiment (including acclimatisation), particular attention was given to feed intake which was recorded at each meal in every tank. Photoperiod was maintained on a 12L: 12D (8:00-20:00 h) cycle.
The first phase of the experiment lasted 46 days. The feeding level was fixed at 1 % of the biomass and uneaten pellets were recorded. The second phase began when brown trout in 4 of the 8 tanks were progressively transferred to sea water (SW) over two days by adding thermoregulated (12 "C) filtered sea water. Dead fish were recorded and weighed every day. At the end of the second phase (day 66) fish were weighed and re-allocated in order to balance the biomass in the tanks, which had previously been altered by differential mortality and growth rates. All rearing conditions were similar, except salinity. The third phase lasted 50 days. Both sea water and fresh water were thermoregulated at 12 "C. During this phase, the ration was fixed at 0.9 % of the biomass. The fourth phase took place when fish were transferred into 3 cylindroconical tanks (1 m') in order to determine phosphorus availability and to monitor hourly excretion rates. This phase lasted 40 days, including acclimatization to the new tanks. Faeces and water were sampled during the last five days of the phase. In order to enable correct availability evaluation, the fish were fed once a day and tanks cleaned every day.
Sampling of wastes in eMuent water
During the first three phases, outflowing water quality was monitored in each tank, including reference tanks with no fish [13] . The sampling runs lasted 5 consecutive days before each weighing: two runs occurred during phase I, one run during phase 2 and two runs during phase 3. Water was sampled through a persistaltic pump and pooled into polypropylene bottles with chloroform as a preservative [ 133. Orthophosphate phosphorus (P-PO,) was analysed by the molybdate method [35] . Analyses were conducted using a Technicon@ Autoanalyser II. This enabled evaluation of average P-PO, content of the water on a daily basis. For each tank, the freshwater flow, coming from a water tower, was measured once a day, and seawater flow twice a day before and after every filter cleaning operation.
During the fourth phase, phosphorus availability of the feed was evaluated by using a decantation bottle and chromic oxide as a marker [8] . Faeces were collected with 1 000 mL of supernatant water, over 5 consecutive days, after 7 days of acclimation to the feed, and then frozen (-20 "C). Pooled samples were centrifuged (15 min, 4 "C, 4 000 rpm) and the phosphorus content of the supernatant and the bottom analysed separately. Patterns of P-PO, excretion were monitored using the method described earlier [ 131. 2.3. Sampling and chemical analyses of feed, fish and faeces Rainbow trout and brown trout were sampled after one day of fasting in two sets at day 0 (5 fish per tank, pooled). On day 46, 66 and 116, 10 fish per tank were sampled and analysed separately.
Proximate analysis of feed and chemical composition analysis of fish were performed as follows: dry matter after drying 24 h at 10.5 "C, total phosphorus as P-PO,, after total oxidation with sulphuric acid and oxygenated water (Hz-O*) by the molybdate method [35] . Phosphorus in the faeces was analysed for both particulate and soluble phases, and chromic oxide in faeces and feed as previously described [5] .
Data processing and statistical analysis
In all calculations, ingested feed is given in dry matter. The following parameters were used: B = Biomass wet weight (g); Q = water flow rate (L. h-l); C = orthophosphate concentration (mg.L-'). Basic data were processed to determine: Where two factors were analysed, a comparison of the means was carried out using the Student t-test, after
Aquat. Living Resour. I I (1) (1998) testing the homogeneity of the variance in the case of an unbalanced number of tanks (phase 1). One way ANOVA was used in balanced experiments involving three conditions (phase 2 and phase 3), followed by a Newman-Keuls-test for a posteriori classification. When percentage values were to be tested, the arcsin 4 transformation was employed.
3. RESULTS 3.1. Orthophosphate phosphorus (P-PO,) excretion P-PO, excretion rates, expressed in mg P.kg-' .d-', were lower in RT.FW during phase 2 and 2 (table I). They were similar during phase 3 and 4. With increasing weight, from phase 1 to phase 3, excreted P-PO, increased in RT.FW (F,,,, = 43. I, P < O.OOl), contrarily to BT.FW (F,,, = 1.74, not significant). This was also the case when P-PO, excretion rates were expressed as a percentage of ingested phosphorus. During adaptation to sea water, brown trout excreted larger amounts P-PO,, compared to their phosphorus ingestion (35.6 % instead of 22.4 % in BT.FW). In acclimatised BT.SW, P-PO, excretion rates were significantly lower than in BT.FW (phase 3-run 2 and phase 4).
Excretion profiles (figure I) confirmed the data obtained by the pooling method during phase 3-run 2 (table I>. They show no trend, and no linkage with the feeding or the dark period was noticeable. Maximum excretion rates reached 1 .O-1.5 mg P-PO,. kg-' .h-' in BT.FW.
Phosphorus accretion
RT.FW retained ingested phosphorus in a better way than brown trout under all conditions, although it was not significant in phase 1 due to great variability, and in phase 2 due to the very low value in BTSW (table ZZ). In RT.FW retained phosphorus reached more than 50 % of the ingested phosphorus. During acclimatisation to sea water, brown trout retained only around 4 % of ingested phosphorus. No significative difference was observed between BT.FW and acclimatised BT.SW.
Mass balance
Monitored output parameters, i.e. faeces phosphorus, P-PO, and final whole body phosphorus, represented more than 90 % of total phosphorus input from feed and initial whole body phosphorus content (table I[ Values for excretion in phase 4 are recalculated from hourly excretion rates. For each run, the date of which is given, values in the same column not sharing a common superscript are different at the level P < 0.05. Significance of Student t-(r-test) and ANOVA (F) tests are given at: * P < 0.05, ** P < 0.01, *** P < 0.005, NS: not significant.
Fish
Nb tank Average Phosphorus Excreted f-test for Excr. P-PO, weight (g) intake P-PO, ANOVA Ingested P (%) weight (1.27-1.40 % dry matter). A two way ANOVA from phase 1 to phase 3, but there was no inter-specific on species and size showed that phosphorus content increased in RTFW, from 0. RT, rainbow trout; BT, brown trout; FW, fresh water; SW, sea water.
DISCUSSION
Fish meal phosphorus availability ranges 66-80 % in rainbow trout [39, 241 . Ritchie and Brown [42] stated 50 % for herring meal, the major ingredient of the diet. Phosphorus availability is more dependant on species than protein: availability decreases to 13-33 % in carp. In our experiment, dietary phosphorus was mainly provided by Norwegian fish meal (Norseamink@). Only 10 % of the dietary phosphorus came from mono-calcium phosphate, the availability of which is 94 % in rainbow trout [39] . The phosphorus content of the faeces was 1.5-2.0 % (dry matter) compared to 0.93 % in the diet: recorded dietary phosphorus availability was lower than the digestibility of the dry matter of the diet. Phosphorus availability increased with increasing size in Atlantic salmon [44] . This could explain the differences in recovery rate observed during phase 1 (120 g fish) and phase 3 (200-250 g fish), as phosphorus availability was determined on 300-380 g fish. This may have led to an underestimation in smaller fish. Using the same diet and the same methodology in turbot, availability was determined at 70 % and was independent of ration size [46] .
Faecal phosphorus losses represented 55-73 % of the total wastes. This ratio is in agreement with other workers who found that phosphorus discharge was mainly under the form of settelable solids [15, 40, 9, 221. Phosphorus availability appeared to be lower in BT.SW than in BT.FW, though sodium is reported to facilitate active phosphorus secondary transport by Na+-K+ ATP-ase in the eel [6] and carp [36] intestinal epithelial cells. Absorption of more water containing a greater quantity of sodium and phosphate (sea water contained 0.010 mg.L-' P-PO, when fresh water contained 0.005 mg.L-') may be an antagonist of dietary phosphorus absorption. As vitamin D is known to enhance net phosphorus absorption in rats [7, 321 and to increase renal phosphate reabsorption in eels [ 181, the effect of vitamin D, enhancement in diets for brown trout reared in sea water needs to be investigated.
Aquat. Living Resour. I I (I) (1998) In the experiment, the phosphorus content in the fish increased when the fish grew. Phosphorus content in the fish is known to decrease with increasing size [44, 301 . Phosphorus is mainly represented in bones and scales that grow more slowly than the whole fish. At the end of the experiment, P content in the fish (0.32-0.35 % of the wet weight in 150-300 g fish) was lower than what was estimated in 650 g rainbow trout (0.375 %) [16] ; in 200 g rainbow trout, where phosphorus content was estimated between 0.38 and 0.45 % of the wet weight [44, 22, 431 , in 1 g fish (46 % by [38] ). [lo] estimated phosphorus content in juvenile Atlantic salmon (Salmo s&r) at 0.38 % and [2] at 0.55-0.60 % in 1 g fish. No difference was noticeable in phosphorus content between rainbow trout and brown trout in our study. This increasing phosphorus content may be due to the previous history of the fish before starting the experiment.
It could also be due to a diet phosphorus content above the requirement which tend to increase P content in the verbebrae [38] . Phosphorus requirement does not vary with salinity in Atlantic salmon [25, 311 . Brown trout phosphorus requirement is not precisely known, but is probably within the range of those for other salmonids. Oringo and Takeda [38] estimated the need of rainbow trout for available phosphorus at 0.65 % of the diet in very small fish, which seems to have higher requirement than older ones [ 171, and at 0.55-0.65 % in larger fish [41] . Weissman et al. [48] recommended 0.5 % in 250 g rainbow trout, when it was 0.6 % in 100 g Atlantic salmon reared in sea [3 11 . In our study, available phosphorus content was 0.70 % of the diet in RTFW and BT.FW and 0.60 in BT.SW, i.e. superior or equal to the known requirements for big fish. These data are more relevant when expressed as a function of growth and food/gain ratio. A requirement of 5.5 g available phosphorus by 1 kg of wet weight gain was found in 250 g rainbow trout [48] , and 4.6 g in 200 g fish [43] . In our study, the production of one kg RT.FW corresponded to the ingestion of 5.7 g of available phosphorus and respectively 7.3 and 6.8 g in BT.FW and BT.SW, far more than found by these authors.
The phosphorus retention coefficient was higher in rainbow trout than in brown trout, as was observed for nitrogen [ 141. It has been reported to be very high (67 %) in 35 g rainbow trout [27] . A relation was found between feed quality and phosphorus retention, ranging from 34 to 40 % in 250 g rainbow trout [29] . No difference was observed by [9] between rainbow trout and brown trout, but two different diets were used [9] . No difference appeared in retention between BT.FW and acclimated BT.SW. A lower recovery rate in BT.FW could explain why lower phosphorus losses were not correlated to a higher retention rate. During adaptation to sea water (phase 2), phosphorus retention was very low in brown trout (13 % of average value in fresh water), comparable to lipid retention during the same period, but lower than nitrogen retention. During adaptation to sea water, additional energy mobilisation, inducing a higher lipid utilisation, seemed also to mobilise phosphorus, probably through P-oxidation, before it could be settled in the bones, which is a very slow process [30] . The increase in the relative orthophosphate excretion at that time seemed to confirm this hypothesis.
In all vertebrates, phosphate is only excreted through the kidney [4] . This organ has a specific role in divalent ion excretion and has a very different function in sea water or in fresh water. In fresh water, the major role of the kidney is to excrete excess water and to retain salts. In sea water, where fish drink water to compensate for loss through the skin, the kidney extrudes divalent ions (MS*') and SOi-and PO% and conserves water [37] . During acclimatisation to sea water, brown trout showed high phosphate excretion when compared to ingested phosphorus. In sea water, urine flow is one tenth of that in fresh water [21] . In other words, phosphate concentration in urine increased very quickly during that period, due to active secretion in the tubule [4, 231. This phosphorus loss may be due to higher ATP consumption linked to the energetic cost of adaptation and higher seawater phosphate absorption through the digestive tract. After the acclimatisation period of 3 weeks, phosphate excretion by BT.SW decreased to a significativly lower level than in fresh water but not before 1.5 months. This revealed that brown trout were not totally acclimatised after 1.5 months in sea water. The consecutive lower phosphate excretion observed in BT.SW is probably linked to the lower bioavailability of dietary phosphorus. In RT.FW, phosphate excretion increased continuously. Rainbow trout (100 g wet weight) excreted 10 mg P.kg-'.d-' more than BT.FW. This difference was comparable to the difference in retained phosphorus, which could explain differences in excreted phosphorus, given that recovery rates were similar in both cases (90 %). The missing 10 % could indicate that a greater amount of organic phosphorus is excreted in young fish. This is confirmed by the fact that total soluble phosphorus in the faeces represented around 20 % of settleable phosphorus, allowing some organic phosphorus to be wasted in outflowing water.
The excreted phosphate to faeces phosphorus ratio was greater than reported previously in rainbow trout [15, 221, and in brown trout [9] . This may be due to a lower phosphorus faecal waste coming from the higher phosphorus availability and the higher phosphorus content of the diet used in our study. In fact, only 5 g per kg feed were available in [9] , compared to 9.7 g'kg-' feed in our experiment, for the same amount of un-available phosphorus (3 g.kg-'). Recent works [27], cited 2.0 g P-PO, per kg wet weight gain were excreted by rainbow trout, and others measured 6-7 g P-PO, per kg wet weight gain [29] . In our study, excreted P-PO, was lower, representing 1.5 g per kg wet weight gain in RT.FW (respectively 1.9 and 2.1 in BT.FW and BT.SW). It appears that some progress is conceivable in diet quality [20] , particularly through the reduction of the bone content (bones contain 5 % phosphorus) in fish meal and the substitution of fish meal by other ingredients containing less phosphorus.
Phosphate excretion profiles showed no daily trends and seemed independent of feeding. Conversely, phosphate discharge in sea-bass was affected by the meal time [3] . No phosphate excretion was observed in turbot [46] . Orthophosphate excretion in rainbow trout and brown trout remained 10 fold lower than ammonia nitrogen excretion. It seems that phosphate excretion may have specific characteristics among the teleosts where phosphorus metabolism is not as well known than nitrogen metabolism.
Mass balance recovery rate was high during phase 3, contrary to nitrogen where recovery rate never exceeded 93 % [ 141. Such high ratios were obtained by monitoring total phosphorus [ 161. It was lower during phase 1 where, added to previous interpretations (under estimation of digestibility, organic phosphate excretion), some metabolites and/or other wastes (scales) could have been not evaluated. Metaphosphate excretion cannot be advocated [36] . Nevertheless, during phase 2, only 73 % of the phosphorus intake was recovered. The fate of the 27 % missing is still to be determined precisely.
These results tend to demonstrate that, with respect to environmental impact assessment, rainbow trout uses phosphorus in better way than brown trout, by retaining more of the ingested phosphorus. The consequence is potentially a higher phosphorus wastage in the environment for brown trout. For bigger fish, that represents the bulk of the biomass in fish farms, it is through the organic phosphorus in the faeces, under solid and soluble forms.
